Abstract-Incipient fault detection of the induction machines (IM) prevents the unscheduled downtime and hence reduces maintenance costs. The Motor Current Signature Analysis (MCSA) is considered as an effective fault detection method in any IM. However, a signal processing technique, which enhances the fault signature and suppress the dominant system dynamics and noise must be considered. Frequency analysis as well as time-frequency analysis is the most common signal processing methods. In this paper, the effectiveness of these two analysis methods were investigated for incipient broken rotor bar detection. Wavelet transform provides more accurate failure detection in different operational circumstances. However, there are different families in the wavelet analysis that affect the efficiency of encoding, denoising, compressing, decomposing and reconstructing the signal under observation. Accordingly, it is desirable to select the powerful wavelet family, which produces the best results for the signal being analyzed. This research also investigated the analysis of current signal using different families of wavelet for effective detection of broken rotor bars in IM.
INTRODUCTION
Squirrel-cage induction machines have large ranges of the types and applications. Although the squirrel-cage rotor is rugged, broken rotor bar does occur. Once a bar breaks, the condition of the neighboring bars also deteriorates progressively due to increased stresses. To prevent such a cumulative destructive process, the problem should be detected early, that is, when the bars are beginning to crack. The rotor failures do not initially cause the induction machines to fail, but they bring about secondary effects that lead to serious malfunctions in motors. The severity of the failures inevitably increases and reaches the unacceptable operating conditions [1] .
The machine problem and irregularity can be detected at an early stage using a suitable condition monitoring and signal processing techniques. There is a consensus in scientific literature that motor current signature analysis (MCSA) is the most constructive and reliable technique for broken rotor bar detection [2, 3] . However, without an effective signal processing method, the fault detection fails. Signal processing techniques are applied to the measured signals to generate parameters, which are sensitive to the presence or absence of specific faults.
Signal processing provides underlying information on specific problems for the purpose of decision making. It can be carried out either in time domain, frequency domain or time-frequency domain. Time domain graphs show how a signal changes over time and the analysis of mathematical functions or physical signals is done with respect to time. In this case, the signal or function's value is known for all real numbers, for the case of continuous time, or at various separate instants in the case of discrete time. However, this technique requires a very long data sequence and therefore the computational cost is high. Frequency domain graphs illustrate how much of the signal lies within each given frequency band over a range of frequencies. Analyzing the signal in frequency domain often gives valuable information of the process operation. For example, the current spectrum for a motor with broken rotor bar shows the characteristic frequencies equal to (1±2s)f s sidebands around the fundamental frequency. Where "s" is slip and "f s " is fundamental frequency.
Recently, signal processing methods in time-frequency domain like Wavelet transform have been proposed and developed. Simultaneous time and frequency analysis can be performed by wavelet analysis techniques: decomposing original signal into different frequency levels. Fourier analysis of a given signal generates the similar coefficients all the time, because the basis functions are always the same family of complex exponentials. The coefficients producing from wavelet analysis however are different depending on the wavelet family selected. There are some circumstances that must be fulfilled for a function to be considered as a wavelet function [4] . These conditions require the function to be orthogonal as well as oscillatory, and also to decay rapidly to zero. Some examples of the common wavelet functions include the wavelet functions from Daubechies, Coiflets and Biorthogonal.
There are two kinds of wavelet transform: continuous wavelet transform (CWT) and discrete wavelet transform (DWT). CWT is defined as the sum over all time of the signal multiplied by scaled, shifted versions of the wavelet function. CWT takes a long time due to calculating the wavelet coefficient at all scales and it produces many data. To overcome such a disadvantage, discrete wavelet transform (DWT) has been defined to analyze the signals with a smaller set of scales and specific number of translations at each scale [5] . DWT utilizes a discrete range (in power of 2) of scales and shifts. In practical applications, DWT is more beneficial because of the shorter computational time [6] . Fig.1 illustrates the implementation procedure of a Discrete WT (DWT), in which signal is the original signal, LPF and HPF are the low-pass and high-pass filters respectively.
Figure1. Implementation of DWT Lee et al. [7] carried out induction motor fault detection using Wavelet and Fourier transformations of stator current. However, the motor condition tested was not fully described, for example, the number of broken rotor bar and motor load were not mentioned. Besides that, a single family was applied for wavelet analysis. In a relevant study, Faiz et al. [8] also investigated Fourier and wavelet analysis of the stator current for broken rotor bar detection. Abbaszadeh et al. [9] studied wavelet analysis for broken rotor bar detection. Faiz et al. [8] and Abbaszadeh [9] used Daubechies as wavelet function for signal analysis. It is worth mentioning that the decomposed signal depends on the type of wavelet function used. This research is intended to investigate the ability of both techniques, Fourier and wavelet analysis, for incipient broken rotor bar detection. Besides that, the performance of different wavelet function for signal analysis was examined.
II. EXERIMENTAL
Experimental data including current, voltage, torque and speed was acquired from the healthy motor and faulty motor in identical condition with different loads. The motor was coupled to AC generator that acts as a load. Fig.2 shows the experimental setup used in this study.
The main characteristics of the tested motors were star connection, rated voltage: 415 V, rated power: 750W, 6 poles, primary rated current: 2.2 A, rated speed: 1000 rpm. The number of rotor bars is 28. The rotor bar breakage was forced in the laboratory, opening the motors and drilling artificially. The current signals were measured under a fixed condition. The sensor board comprised of Hall Effect current and voltage sensors, LA-25P and LV-25P by LEM . Torque and speed were used for checking the same situation in each test. The experimental results were obtained using a high-speed data acquisition system, namely NI-PCI 6052E and SCXI 1125&1140 (National Instrument). The motor current data was sampled at 20kHz, i.e., 32768 samples was obtained at measured time of 1.63s. For Fourier analysis, 32768 sample was used. For wavelet analysis, 2048 sample was used. Data analysis was performed using MATLAB software.
Figure2. Experimental setup III. RESULTS AND DISCUSSION
This study is intended to study the accuracy of two common signal processing namely, Fourier analysis and wavelet for incipient diagnosis of broken rotor bar in induction machine. In this respect, a current signal from healthy motor and motors with different number of broken bars were first sensed. The primary current was measured during the steady-state working of a motor. Fluctuations in current waveforms were then analyzed by Fourier and discrete wavelet transform (DWT) using the MATLAB environment. It was then tried to found diagnostic information in the spectrum of the signal. Fig.3 to Fig.6 illustrates the frequency domain of current for healthy and faulty machines at different load. It is clear that when the level of load is low, fault detection is not possible using the current frequency domain. In other words, presence of one or two broken bars is not detected at low torques, 0.4 and 2.6 Nm. This observation can be attributed to the dependence of the fault related frequency component, (1±2s)f s , to slip (s). At low load condition, where the slip is small, this component corresponding to fault will be near to the fundamental component, f s . Therefore, the sidebands are obscured by supply frequency. In other hand, when the motor is under full load, the fault related component is far enough from the fundamental component and then it can be clearly detected in frequency domain of the motor stator current. Accordingly, Fourier analysis cannot provide reliable information for broken rotor bar detection when the motor is under light load as well as when only one of the rotor bar has been broken. This achievement confirms the strong requirement of more advanced signal processing for incipient broken rotor bar detection. In further study the current signal was analyzed by more advanced signal processing technique, wavelet. Multi resolution analysis was used for decomposing of the signal to extract suitable features related to fault. In multiresolution analysis (Fig. 1) , a signal is decomposed into different sub-bands, levels, that each band covers a certain frequency range. Figure6 . Frequency domain of the motors current at 6.25Nm In this study, the original current signal was decomposed into 10 levels using wavelet transform. Each level has its own detailed coefficients and a determined range of frequencies, as shown in Tables 1. It is clear that the frequencies of sidebands are located in the frequency range corresponding to detail 8. Therefore, this level of decomposition is selected for wavelet analysis of stator current for broken rotor bar detection. When a signal is decomposed, a number of detailed coefficients are generated at each detail. 10 sets of data (10 signals) were acquired for each circumstance. The energy of detail 8 th for each test was computed from the transformed signals by using different wavelet functions, such as Daubechies, Coiflets and Biorthogonal. The average and standard deviation of the energy for each condition was computed and summarized in Table 2 . These information was used for extraction of features related to the fault. The energy ratios for the wavelet signals using Daubechies 6 and Biorthogonal 6.8 show a clear energy increase in faulty conditions. However, Coiflet 5 does not follow the trend in one cases at the load equal to 4 Nm. Therefore, this family can not provide an accurate predictive diagnosis method. Comparing the standard deviation of the Daubechies 6 and Biorthogonal6.8, it is fair to infer that Biorthogonal6.8 provides more reliable information for incipient broken rotor bar detection. 
IV. CONCLUSIONS
In this study, two common signal processing namely, Fourier analysis and wavelet analysis were investigated for incipient broken rotor bar detection at different levels of load. Frequency analysis does not provide predictive fault detection. In other hand, wavelet analysis provides a good distinguishing feature for healthy and faulty motor. However, the predictive detection of wavelet analysis depends on which wavelet function is used. Detecting of one broken rotor bar at low level of load was another significant achievement using Biorthogonal 6.8 analysis of current signal. Moreover, small number of sample was used for wavelet analysis compared to Fourier analysis.
